The ability to transfer electrons from valence to conduction band states in a semiconductor is the basis of modern electronics. Here, attosecond spectroscopy is used to resolve this process in real-time. The excitation of electrons across the band-gap of silicon by few-cycle laser pulses is found to induce lasting modifications of the XUV absorbance spectrum in steps synchronized with the laser electric field oscillations, indicative of light-field induced electron tunneling [1] . In contrast, in SiO2, a dielectric with 9 eV band-gap, similar excitation pulses are found to cause a transient field-induced polarizability without lasting population transfer [2] . The basis of modern electronics and information processing is the control of the electric properties of semiconductors with microwave fields. Here we demonstrate that few-cycle laser pulses with electric fields up to several Volts/Ångstrom provide the required temporal confinement to modify the electronic system of band-gap materials with sub-femtosecond response time, i.e. they allow to control solid state electronic properties with light wave frequencies. To explore the most basic step in manipulating the electronic structure of a semiconductor, we applied attosecond solid-state spectroscopy (see Fig. 1 ) to time resolve how electrons are excited across the band gap of silicon [1] . To that end, we irradiated a thin silicon crystal with waveform controlled fewcycle near-infrared (NIR) laser pulses of ~1-V/Å field strength and probed changes in extreme ultraviolet (XUV) absorptivity on a sub-femtosecond scale. The band structure of crystalline silicon facilitates both direct and indirect excitations of electrons across the band gap. At low intensities, a NIR pump pulse promotes electrons from the VB maximum preferentially across the indirect band gap (Egap = 1.2 eV), satisfying momentum conservation by phonon participation. However, at higher intensities above 10 10 W/cm 2 , the formation of electron hole pairs across the larger direct band gap (Egap = 3.4 eV) becomes possible and dominates the transition rate. This transition occurs without phonon participation, but the larger energy separation of the direct band gap requires the simultaneous absorption of two or more NIR or visible photons (Ephoton= 1.1 -2.7 eV). Our measurements reveal, that for light intensities of >10 12 W/cm 2 electron tunneling driven by the electric field of light is the main excitation pathway. Attosecond pulses tuned to the silicon L2,3-edge centered at 99 eV are used to measure the dynamics of electrons injected into the CB by few-cycle NIR laser pump pulses. With attosecond streaking spectroscopy we confirmed that the attosecond pulses are shorter than 100 attoseconds in duration and span a spectrum of extreme ultraviolet (XUV) A few-cycle visible laser pulse excites electrons across the band-gap that here is shown schematically for silicon. The photo-doping alters the samples XUV absorbance that is probed by a time delayed attosecond pulse.
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photon energies covering 80 -125 eV. This spectral range probes the density of empty electronic states in a timeresolved variant of X-ray absorption near edge structure (XANES) spectroscopy. The above-edge structure of the absorbance A(EXUV) recorded by attosecond pulses is a sensitive probe of an extended region of the CB density of states. While the initial state of the electron undergoing the XUV probe transition is a 2p core orbital, the final state of both the XUV probe and the NIR pump excitation lie within the CB manifold making the XUV absorption sensitive to the evolution of the pump-laser-induced CB population.
The transfer of electrons to the CB causes a wealth of modifications to the XUV transition. Figure 2 A displays the derivative of the L-edge absorbance spectrum, ∂A/∂E, as a function of time delay Δt between the NIR-pump and the XUV-probe pulses. The sample is a 140 nm thick single crystalline free-standing silicon membrane in the <100> orientation. The laser excitation (intensity inside the sample ~ 2 x 10 12 W/cm 2 ) results in a global broadening of the sub-structures. Most importantly, as seen in Figure 2 B (blue line represents a rolling average over the signal depicted in grey), the spectrum recorded with carrier-envelope phase stabilized NIR pump pulses evolves with a step-like behavior synchronized with the half-cycle period of the pump electric field oscillations, indicative of subfemtosecond population transfer. The observed ~450 attosecond step rise time provides an upper limit for the electron-electron scattering time, the primary mechanism causing the observed carrier-induced band gap reduction. Further, an effective reduction of the measured band gap (band-gap narrowing) after the excitation is observed and, during the excitation pulse, a transient field-induced blue-shift of the L-edge onset is recorded which resembles the ponderomotive shift observed in atomic systems. Our measurements reveal a bi-exponential evolution of the pumplight induced changes of the signal recorded over an extended delay range with time constants of 5 fs and 60 fs, respectively, indicating that the electronic response is completed before the subsequent band gap modifications due to the lattice motion occur on a time scale of 60±10 fs, characteristic of the fastest optical phonon. In contrast, attosecond solid state spectroscopy reveals that fused silica (SiO2) subjected to similar excitation conditions exhibits a transient polarizability that follows the turn-on and turn-off behavior of the driving laser electric field in a similar sub-cycle fashion but without lasting transfer of electronic population [2] . In fused silica we observe a broadband transient bleaching of the XUV absorption driven by the instantaneous optical field. These changes are indicative of substantial field-induced changes of the electronic states of the insulator into a state resembling metals. The instantaneous recovery after passage of the laser field implies that the increase in optical polarizability can be turned on and also largely turned off at the time scale of the optical period.
Attosecond transient absorption spectroscopy now allows to time resolve electron dynamics in solid state materials and to resolve the transition between purely electronic initial response following the excitation and convoluted electronic-lattice dynamics at longer time scales. We explored this potential by observing sub-femtosecond population transfer in silicon and a transient field induced polarization in fused silica with unprecedented temporal resolution. 
